INTRODUCTION
The occurrence of dissociation following either core-tobound excitations below an inner-shell threshold or ionization above a core threshold in isolated molecules is a wellknown phenomenon ͓1͔ but the number of detailed studies dealing with this subject is still small compared to the analogous studies for condensed or chemisorbed molecules ͑i.e., the research area known as desorption induced by electronic transitions ͓2,3͔͒. However, such observations are extremely useful in shedding light on both the character of the excited and ionized states, and on the dynamics of the photofragmentation processes. Different mechanisms can lead to photofragmentation above or below an ionization threshold. Above threshold, normal Auger decay produces two-hole states which may fragment easily. Below threshold, the highest probability of fragmentation pertains to the two-holeone-particle states ͑spectator line͒ reached after resonant Auger ͑autoionization͒ decay. In this framework, it is assumed that the ion fragmentation is a subsequent step following electron decay, i.e., the time scale for electron emission is much faster than the nuclear separation. Exceptions exist when the molecular dissociation is ultrafast, i.e., it takes place on the same time scale as electron decay ͓4͔.
Ion-yield spectroscopy is particularly informative concerning the nature of fragmentation processes following molecular inner-shell excitation or photoionization, as it is possible to obtain the relative intensity of the ionic species in their final states. Different decay channels can exhibit very different behaviors, depending on the particular fragment or combination of fragments which are detected. In contrast to the many low-and intermediate-resolution studies in this field, the only isolated molecule studied with high-resolution ion-yield spectroscopy following synchrotron radiation excitation, is CO ͓5,6͔. In water, the photofragmentation has been investigated by ion-yield spectroscopy of condensed and chemisorbed layers ͓7͔. In the gas phase, the dissociation of water has been studied by ion-yield spectroscopy following valence excitation ͓8͔. In the core ionization region, the angular distribution of fragments ͓9͔ has been reported in low photon resolution angle-resolved ion-yield spectroscopy, but the yield of the different single channels was not measured separately. No high-resolution ion-yield complete experiments in the gas phase have been published as far as we know.
We report here a high-resolution study of photofragmentation of water in the photon energy region around the oxygen K edge. Ion-yield spectra were obtained for single channels ͑ion yield of each fragment͒ and coincidence channels ͑two or three fragments detected in coincidence͒.
A steep increase is generally observed in the coincidence yield curves above the ionization threshold, where the normal Auger decay produces doubly charged or multiply charged species which yield two or more charged fragments. Below threshold, the fragment ion yield is still high, hinting at easily photofragmenting species. It has been observed that in water the spectator decay bears more weight than the participator decay even for resonant states with some antibonding molecular orbital character ͓10͔. Therefore the high ion yield corresponds to the importance of spectator decay following the primary electron excitation. This is particularly true for pure Rydberg states which decay predominantly through this decay mode into final twohole-one-electron states. These states have a stronger dissociative character than the participator final one-hole states of the decay of the mixed-Rydberg-antibonding molecular orbitals, thus exhibiting a fragmentation behavior analogous to doubly charged two-hole states reached by normal Auger decay.
Comparing single channels and coincidence channels, we can evaluate the relative weight of emission of neutral H, which is the most important decay product of the O 1s →4a 1 resonance. As to the production of O ϩ , a branching has been observed between atomic Auger decay and molecular fragmentation. A peculiar photofragmentation process in water is the formation of the H 2 ϩ species following the excitation to a core-to-bound state and the subsequent decay to a vibrationally highly excited final state. We propose a highly excited symmetric bending motion which can lead the two hydrogen atoms to bond-length-like distances as the origin for this direct formation of H 2 ϩ .
EXPERIMENT
The experiments were performed at beamline BW3 of the Hamburger Synchrotronstrahlungslabor. This beamline is a triple N-pole undulator beamline ͑Nϭ21, 33, and 44͒ equipped with a high-resolution SX 700 plane-grating monochromator modified for high photon throughput. At the oxygen K-edge, we evaluated the photon bandwidth to be 170 meV with a photon flux of 10 12 photons/s. In order to record different partial ionization yields simultaneously during the photon energy scan, a newly developed time-of-flight mass spectrometer with a position-sensitive multihit detector was used. The spectrometer consists of a McLaren-type space-charge-focusing instrument, 42 mm long, with an extraction field of 900 V/cm, and a multihit anode. This arrangement makes it possible to measure all pairs of charged particles in coincidence, independent of their charge state and initial kinetic energy ͓11͔. The capability to determine the direction of the ionic fragmentation was not used in the present study, because it would require much longer measuring time on one energy point than possible in a high-resolution energy scan with the photon flux, given in our experiment. The flight times of the ions were measured with respect to the bunch marker of the storage ring, which was operated in a double-bunch mode with a time window of 480 ns, yielding intrinsic branching ratios of fragment ions. The spectrometer was set at an angle of approximately 55°with respect to the electric vector of the photon beam in order to reduce the effects of anisotropic fragmentation in the time-of-flight peaks which could have unwanted effects on the resolution of our energy scans ͓12͔. The background pressure was better than 3ϫ10 Ϫ6 h Pa during the measurements. In order to avoid possible distortions of the scans, all coincident and noncoincident ionization channels were measured simultaneously during one photon energy scan, including the monitoring of the background in the time-of-flight spectra. This capability is crucial for the comparison of photon-energy-dependent details in the different spectra. A more detailed description of this apparatus was presented elsewhere ͓11͔. All scans are normalized with respect to the pressure and the photocurrent. Background subtraction has been performed for all coincident and noncoincident curves.
RESULTS AND DISCUSSION
Ion-yield spectra have been obtained in the 531-542-eV photon energy range for single channels, double-coincidence channels, and triple-coincidence channels. Along with a mass spectrum taken on top of the first resonance, the totalion-yield spectrum is shown as the top curve of Fig. 1 . It compares very well with the photoabsorption curve reported in the literature with analogous photon bandwidth ͓13͔. This is not always the case, since the close correspondence between photoabsorption and ion yield implies that the majority of the final electronic states are equally dissociative and their ion yields approximately the same, which is evidently the case for water. We have used the assignments made in the analysis of photoabsorption measurement ͓13͔. The first three intense peaks in the total ion yield, at 534.0, 535.9, and 537.1 eV, are related to the O 1s→4a 1 , O 1s→2b 2 , and O 1s→3 pb 1 ϩ3pa 1 resonant processes, respectively. The first two are assigned to a transition from the ground state to a mixture of empty molecular orbitals and Rydberg states, while the third transition is of pure Rydberg character. The following more complex structures are assigned to several overlapping Rydberg states. The ionization threshold is located at 539.9 eV.
A close examination of the total-ion-yield features in Fig.  1 reveals the absence of a resolved vibrational structure which is expected to be approximately 150 meV ͓14͔. This could be either due to the lack of instrumental resolution ͑Ϸ170 meV͒ or to the nature of the core-excited states, which are known to be strongly dissociative, and therefore might not support vibrational substates. This lack of vibrational structure has been reported several times in literature concerning different experiments on both isolated and condensed water molecules ͓7͔.
We may observe some general features when comparing single ͑Figs. 2 and 3͒ and coincidence channels ͑Figs. 4 and 5͒. A common feature is the behavior above the ionization threshold at 539.9 eV. We can observe an enhancement of the coincidence channels compared to the single channels. This enhancement is similar in the triple-coincidence scans ͑Fig. 5͒. This may be regarded as a general effect, and attributed to the presence of normal Auger decay above the ionization limit which greatly enhances the production of doubly or multiply charged species. Therefore, the fragmentation processes which produce two or more charged species at once are more likely following normal Auger decay with a doubly charged ion as the final state than resonant Auger decay which produces mostly highly excited singly charged ions.
The comparison between the single channels ͑Figs. 2 and 3͒ and the coincidence channels ͑Figs. 4 and 5͒ provides some more interesting elements for discussion. To obtain a better visual insight into the fragmentation channels, including competitive processes, we report a complete list of the possible fragmentation patterns and other decay processes in Table I . The first step is the formation of the core-excited neutral state, which may directly dissociate into core-excited neutral OH** and neutral H fragments with a subsequent Auger decay into OH ϩ *ϩH ͓see Table I͑a͔͒ . Such ultrafast dissociation may occur due to the strongly repulsive nature of the core-excited states, e.g., predicted in the simple zϩ1 model. The relevant time scales of neutral dissociation compared to the Auger lifetime suggest, however, a competition between both processes. Corresponding studies of inner-shell excitations in halogenides have shown that even for the decay of the 3d and 2p holes involved in these cases also a significant fraction of molecular Auger decay does occur ͓15-17͔. The proof of the statement that molecular Auger decay, in the present case, occurs at comparable atomiclike strengths certainly has to be the subject of further fragmentation and electron emission studies in the core and the inner valence region. Tables I͑b͒ and I͑c͒ describe decays through resonant molecular Auger processes into singly charged species "one-hole states corresponding to participator decay, or two-hole-one-particle states populated by spectator decay ͓see , where the first two peaks have different intensity ratios, the first peak being the more intense. Close examination of the single scans in Figs. 2 and 3 reveals more subtle differences. If we compare the total ion yield with the H ϩ yield, which is the most intense single channels, we observe that the first peak is relatively weaker in the latter curve. All these differences can be attributed to the importance of the emission of a neutral fragment, namely H neutral. We cannot detect it, but we can qualitatively derive the relative weight of this decay fragment by comparing the single and coincidence channels. Doing this for OH ϩ , we notice that in the coincidence channel OH ϩ /H ϩ ͑Fig. 4͒ the ratio between the first and second peak is comparable to the analogous ratio of the total yield. The difference in the intensity ratio in the OH ϩ single channel can thus be attributed to the processes where the partner is H neutral and not H ϩ . The same behavior can be observed when comparing the single scan for O 2ϩ and the coincidence channel O 2ϩ /H ϩ . Therefore, although in our experimental conditions it is not possible to detect H neutral, we can still derive some information on its relative weight from comparison of the OH ϩ and H ϩ ion yields, both normalized to each other just below threshold, as schematically depicted in Fig. 6 . The weaker first peak in the H ϩ yield compared to the total ion yield can be explained by the same reasons because all processes contribute to the total ion yield, including those which do not produce H ϩ , and the relative weight of H neutral seems to be more important in correspondence to the first resonance ͑see the above discussion͒.
How can this different behavior in the H production yield between the first two resonances be understood? The most probable explanation lies in the energy positions of the levels involved in the excitation and decay process. The majority of final states of the spectator decay of the first resonance is still below the double-ionization threshold and, therefore, metastable. In this situation, dissociation to singly charged species with one or two neutral hydrogen atoms are allowed ͓see processes in Table I͑b͔͒ . In contrast to this, the Auger final states of the second resonance are already above the doubleionization threshold. Therefore, dissociation into either doubly charged ions or singly charged ion pairs becomes possible. This basically explains the observed behavior. The discussed situation is schematically shown in Fig. 7 .
A different behavior can be observed for O ϩ . The intensity ratio for the first two peaks in the O ϩ single scan and in the O ϩ /H ϩ coincidence scan is almost the same. Therefore, it seems that for this channel the importance of the H neutral yield is minor. However, if we have a closer look at Table I Fig. 3 .
The above discussion is supported by obtaining the relative trends of the single channels, i.e., their branching ratios with respect to the total ion yield. In Fig. 8 we show the ratios of the H a minimum corresponding to a transition to the first resonance, thus corroborating the idea that the H ϩ production is less important in the vicinity of this resonance because of the competing channel H neutral. The inverse effect can be observed for the relative yield of OH ϩ and O
2ϩ
, where there is a maximum corresponding to a transition to the first resonance. The above-discussed different behavior of O ϩ is confirmed by the fact that its branching ratio does not exhibit a maximum matching the behavior of OH ϩ and O
, but it has a rather complicated structure in the photon energy region of the first resonance.
As for the weaker channels ͑Figs. , and therefore the two ion yield curves mimic each other.
Some more interesting observations can be derived from the analysis of H 2 O ϩ and H 2 ϩ ͑Fig. 9͒. In the molecular channel, the relative intensity of molecular ions is much higher for the first two resonances. These are attributed as admixtures of empty molecular orbitals and Rydberg states. It is generally believed that fragmentation processes should be more likely to occur following transitions to empty antibonding molecular orbitals. In the present case we observe that the detection of molecular parent ions is almost zero for the photon energies corresponding to k-shell excitations into pure Rydberg states. This is in contrast to recent findings for other molecules, e.g., CO, where nondissociative ionization was detected in the decay of both empty molecular orbitals and Rydberg states ͓5͔. We also notice that we did not detect
, again at variance with the CO case, where CO 2ϩ species were observed for all resonances below threshold ͓5͔.
This experimental finding indicates that the fragmentation of molecular ions with a charge higher than ϩ1 is a fast process or, in other words, there are no metastable doubly charged species which may be populated by the resonant Auger decay. These two observations are consistent in the sense that the fragmentation following the decay of Rydberg excitations can be compared to the fragmentation following normal Auger decay if the excited electron is in an outermost region, and its interaction with the molecular core is negligible. Therefore, it is understandable that fragmentation following resonant Auger decay of Rydberg states gives no rise to highly excited singly charged molecular ions in the same way as normal Auger decay does not result in doubly charged ions; instead fragment ions are possibly formed in excited states.
A particularly interesting and unexpected experimental finding is the detection of H 2 ϩ species. The formation of such species seems to be almost limited to the energy region around the O 1s→2b 2 resonance. Furthermore, the peak maximum in the H 2 ϩ yield does not correspond to the maximum in the absorption cross section, but is shifted by 450 meV to a higher photon energy. If we carefully observe the yield curves for some of the other species, particularly for H 2 O ϩ and OH ϩ , we notice that there is a shoulder corresponding to the maximum in the H 2 ϩ yield. This structure may simply be attributed to vibrational structure, e.g., the third vibrational excitation of the symmetric bending motion with 2 ϭ150 meV. However, we have already pointed out that there is a general lack of vibrational structure in the yield curves, which is known to be due to the intermediate states being repulsive. A possible explanation for this may be that, after excitation to the high-photon-energy side of the O 1s→2b 2 resonance, and before the fragmentation, the electron decay reaches molecular ions which are highly vibrationally excited. In particular, if the vibrational excitation involves the bending mode, we can imagine a highly excited motion which brings the two hydrogen atoms close together. Therefore, a possible decay path of such a vibrationally excited state is the direct formation of H 2 ϩ during the subsequent fragmentation; even our resolution is insufficient to resolve these particular bending mode vibrations. An alternative explanation is the presence of two levels of b 2 symmetry contributing to the resonant peak at 535.9 eV, which could correspond to an antibonding molecular orbital and to one of the 3 p Rydberg states. A peak asymmetry in the shape was also observed in an angle-resolved low-resolution total-ion-yield experiment, and was attributed to two almost overlapping electronic states ͓9͔. However, the direct reaction leading to the formation of a H 2 ϩ ion seems more likely to take place because of a high excitation of the bending mode. Theoretical support would be important to confirm either interpretation.
We have previously discussed the general picture of photofragmentation as a subsequent process with respect to electron decay, and the fact that exceptions to this model are molecules which exhibit ultrafast dissociation, i.e., the nuclear motion begins on the same time scale as the electron decay. Water has been predicted to show ultrafast dissociation ͓7͔. However, the signature for ultrafast dissociation in condensed water is the yield of only H ϩ ions, accompanied by a symmetry-breaking effect due to the surface or to the hydrogen bonding in the solid phase; thus the comparison in our conditions is not straightforward.
SUMMARY
A high-resolution partial ion yield of isolated water has been obtained following below-threshold core excitations in the photon energy range of 531-542 eV, including a transition from the O 1s core level to intermediate states with either a mixed molecular-orbital-Rydberg character or a pure Rydberg one. The main results are the observation of a common trend in normal Auger versus resonant Auger decay, where the former leads to the production of ion pairs and the latter to singly charged species; the assessment of the relative weight of H neutral, which is found to be more important following the decay of the O 1s→4a 1 primary excitation; the presence of normal Auger decay in the atomic fragmentation, faster than nuclear motion; and the more dissociative character of the Auger final states following the decay of pure Rydberg states compared with the decay of mixed molecular-orbital-Rydberg states and the formation of H 2 ϩ , most likely following the excitation of the symmetric bending vibration. Theoretical support would be desirable to obtain a better insight into the nature of these complex decay processes.
